Abstract Genetic diversity was examined in a collection of 263 Indian bread wheat (Triticum aestivum L.) cultivars using 90 SSR markers. These cultivars were classified into Group I (pre-green revolution cultivars) and Group II cultivars (postgreen revolution cultivars). SSR markers were also classified into Set-I SSRs (42 random genomic SSRs) and Set-II SSRs (48 SSRs associated with QTLs for grain weight). The SSRs belonging to Set-II exhibited relatively low level of polymorphism, suggesting that the SSRs associated with QTL for grain weight in wheat were probably under selection pressure during wheat breeding. AMOVA indicated that proportion of the variation within each of the two groups of cultivars accounted for most (87.59%) of the molecular variance, while the variation between the two groups of cultivars accounted for only 12.41% of the variance. The estimates of the average number of alleles/locus and gene diversity due to each of the two sets of SSRs suggested increase in overall genetic diversity after green revolution in Indian bread wheat cultivars. Differences were also observed in genetic diversity among cultivars from each of the six wheat growing agro-climatic zones of India. However, decade-wise analysis of genetic diversity among the post-green revolution cultivars indicated a progressive decline in genetic diversity, thus suggesting a need for involving diverse exotic, synthetic and winter wheat germplasm in Indian wheat breeding programs.
Introduction
Genetic improvement of crop plants including wheat relies on the availability of diverse and superior genes/alleles. It has, however, been argued that modern intensive plant breeding practices led to narrowing of genetic diversity in crop varieties. In recent years, this perhaps led to a possible vulnerability of crop varieties to biotic and abiotic stresses (Vellve 1993; Russell et al. 2000 Russell et al. , 2004 Fu et al. 2005) . It is, therefore, vital for plant breeding programs to maintain sufficient genetic diversity to allow for production of new and diverse varieties suitable for cultivation under a variety of biotic and abiotic stresses.
In recent years, a variety of molecular markers have been used to study the trends of changes in genetic diversity in wheat germplasm released during the last century. However, no clear consensus seems to have emerged. For instance, reduction in genetic diversity was reported among Canadian hard red spring wheat cultivars, French bread wheat accessions, and Chinese candidate core collections (Roussel et al. 2004; Hao et al. 2006; Fu et al. 2005 Fu et al. , 2006 Fu and Somers 2009) , while an increase in genetic diversity or non-random fluctuations were observed among Nordic spring wheats (Christiansen et al. 2002) , CIMMYT wheats and other related modern wheat cultivars (Reif et al. 2005) . Some other recent studies have shown that modern plant breeding resulted in a qualitative (composition and occurrence of alleles) rather than a quantitative (number of alleles) shift in diversity over time. For instance, qualitative changes in diversity were reported, in at least three studies, one involving a study of UK winter wheats (Donini et al. 2000) , the other involving cultivars from four geographical regions in Europe and Asia (Khlestkina et al. 2004) , and the third involving winter wheats from Central and Northern Europe (Huang et al. 2007) .
Given the fact that so far no information is available on the trend of change (if any) in the molecular genetic diversity in the Indian bread wheat cultivars, the present study was carried out using SSR markers with the following objectives in mind: (1) to gain information on the level of genetic diversity in Indian bread wheat cultivars released during the past 100 years, (2) to find out the relative levels of genetic diversity between the wheat cultivars released during pre-and the post-green revolution periods, and (3) to compare the genetic diversity revealed by two groups of SSR markers in order to study the effect of breeding practices in general and that of artificial selection for grain weight in particular.
Materials and methods

Plant materials
A set of 263 elite Indian bread wheat cultivars released during 1910-2006 for commercial cultivation in six different wheat growing agro-climatic zones of India (ESM1) were used in the present study. The seed for these cultivars was procured from the Directorate of Wheat Research (DWR), Karnal, India. The above wheat cultivars comprised two groups: Group I consisting of 45 cultivars developed during the pre-1965 period (i.e. the pre-green revolution period), and Group II comprising the remaining 218 cultivars developed during the post-1965 period (i.e. the post-green revolution period). These cultivars were genotyped using Set-I SSR markers (42 random SSRs). However, a sub-set of only 230 cultivars comprising Group I with 35 (pre-1965 period) and Group II with remaining 195 cultivars (post-green revolution period), earlier used for association mapping, were genotyped with Set-II grain weight specific SSRs (Mir et al. 2011, Mol Breed, under review) . As many as 33 cultivars were excluded because they had similar pedigrees, or else flowered/matured too early or very late, thus making them unsuitable for association mapping study. For the study of possible gradual decline in genetic diversity if any, the cultivars of Group II were also arranged in five decadal sub-groups, each group belonging to a decade starting the decade of 1960s. Similarly, the above sub-set of 230 cultivars were used for the study of genetic diversity in six different wheat growing agro-climatic zones of India (Fig. 1) .
Simple sequence repeats (SSRs) Ninety (90) SSRs that were used for the study of genetic diversity included two sets; Set-I consisting of 42 random genomic SSRs (one from each arm of the 21 chromosomes; ESM 2), and Set-II consisting of 48 specific SSRs belonging to genomic regions harboring QTLs for grain weight (ESM 3). Set-II was included to understand the role (if any) of artificial selection for grain weight on genetic diversity and to compare this genetic diversity with that revealed by Set-I SSRs. All SSR markers were selected from a high density consensus map of wheat . Primer sequences for these SSRs are available on GrainGenes 2.0 (http://wheat.pw.usda.gov/ggpages/SSR/WMC/) and were synthesized on contract from Invitrogen Corporation, Carlsbad, CA, USA.
DNA extraction and SSR analysis
Genomic DNA was extracted from one-month-old plants of each cultivar using a modified CTAB method (Saghai-Maroof et al. 1984) . PCR analysis for SSRs was carried out in Eppendorf Master Cycler following Röder et al. (1998) and the amplified products were resolved in MEGA-GEL High Throughput Vertical Unit model C-DASG-400-50 (Wang et al. 2003) .
Genetic analysis and statistical tools
Polymorphic information content (PIC) for each SSR was estimated following Botstein et al. (1980) . The genetic diversity in each group of Indian bread wheat cultivars was assessed by using various statistical parameters like average number of alleles/locus, the gene diversity (He) and unbiased genetic distances (Nei 1978) using POPGENE version 1.31 (Yeh et al. 1997) . While comparing the average number of alleles per locus between groups, we faced the problem of unequal number of genotypes in groups. In order to overcome this problem, resampling was done using an in-house script for R software package that was developed locally with the help of some statisticians (http://cran.r-project.org/). Using this script in R software, 3,000 samples of 45 cultivars in Set-I and 35 cultivars in Set-II SSRs (samples of genotypes equal in size to the small sample) were randomly drawn from the larger group of cultivars (from 218 cultivars in Set-I and 195 cultivars in Set-II SSRs) and the values were averaged. Similarly, using SSRs belonging to each of the two sets, average number of alleles/locus for each of the five different decadal sub-groups were computed by drawing random samples of 18 genotypes (samples of genotypes equal in size to the small sample) from each decadal group in both Set-I and Set-II SSRs. The same re-sampling procedure was followed for the study of decadal diversity. The relative change in genetic diversity in Group I and Group II and among various decadal sub-groups was estimated following Huang et al. (2007) . The significance of difference between average number of alleles was tested through paired t test using the software package SPSS for windows (SPSS, Chicago, IL). Using Set-I SSRs, DARwin version 5.0 was used for calculating pair-wise genetic distances and for constructing the dissimilarity matrix (Perrier et al. 2003) . The dissimilarity matrix thus obtained was subjected to cluster analysis using the un-weighted neighbour-joining (UNJ) method (Gascuel 1997) , followed by bootstrap analysis with 1,000 permutations to obtain a dendrogram for all the 263 cultivars (Perrier et al. 2003) . Another dendrogram for Group I and among various decadal sub-groups of Group II based on unbiased genetic distances (Nei 1978) was constructed by UPGMA (unweighted pair-group method with arithmetic average) using POPGENE version 1.31.
Analysis of molecular variance (ANOVA)
To test the genetic variation within and between cultivars of Group I and Group II and also within and between the five sub-groups of Group II, AMOVA was carried out using the software ARLEQUIN version 2.0 (Schneider et al. 2000) .
Results
SSR polymorphism
Two sets of SSR markers (Set-I and Set-II) were used separately for the study of DNA polymorphism. Set-I (42 SSRs) detected a total of 295 alleles (average alleles/locus = 7.02) including 101 (34.23%) rare alleles occurring at a frequency of \5%. The SSR loci were equally distributed on all the three subgenomes of wheat, although average number of alleles per locus differed (8 alleles/locus in A subgenome; 7.15 alleles/locus in B sub-genome and 5.92 alleles/locus in D sub-genome; ESM 2). The average PIC/locus for the three sub-genomes taken together was 0.67; for individual sub-genomes, it varied from 0.59 (D sub-genome) to 0.73 (A sub-genome; ESM2). The correlation between number of alleles/locus and the PIC/locus was positive and significant (r = 0.53, P = \ 0.001).
In contrast to the above results, the Set-II SSRs (48 SSRs) exhibited relatively low level of genetic diversity; only 220 alleles (average number of alleles/locus = 4.59, range 2-9) were detected and the average PIC/locus was also relatively low (0.59; ESM 3).
Genetic diversity in cultivars from pre-and postgreen revolution periods
The results of both Set-I and Set-II SSRs suggest a higher level of genetic diversity (average number of alleles/locus) in Group-II than in Group-I, when no correction was made for the sample size (ESM 2). However, comparisons made after making corrections for equal sample size, Set-I exhibited no significant difference in the genetic diversity of the two groups of cultivars (t = 1.14; P = 0.258), but Set-II exhibited significantly higher level of genetic diversity in Group II (t = 1.98; P = 0.0002) ( Table 1) . Similar trends in diversity (more diversity in Group II than in Group I) were also revealed by the study of gene diversity (He; expected heterozygosity), which measures the probability that two randomly chosen individual, will be different (heterozygous) at a given locus (Table 1) . The neighbour-joining dendrogram constructed on the basis of genetic dissimilarity matrix also grouped the 263 cultivars into two groups, one largely carrying cultivars belonging to pre-green revolution period and the other largely carrying those belonging to post-green revolution period (Fig. 2) . This grouping pattern also supported the conclusion that the two groups of cultivars differed genetically.
AMOVA indicated that proportion of the variation within the two groups of cultivars accounted for most (87.59%) of the molecular variance, while the variation between the two groups of cultivars accounted for only 12.41% variance (Table 2) . AM-OVA conducted using all decadal sub-groups of the post-green revolution period (Group II) also indicated that the proportion of the variance among cultivars within different decadal groups (90.99%) was ten times more than the variance between the decadal groups (9.01%) ( Table 2) .
Trend of genetic diversity in cultivars released during five decades of post-green revolution period
In order to understand the overall genetic diversity among Indian bread wheat cultivars, we also studied diversity among cultivars belonging to each subgroup of Group II (1960 . The details of average number of alleles and gene diversity (He) of the cultivars developed in each of the five decades (1960-2000s) of the post-green revolution period are summarized in Table 3 . The results obtained with Set-I indicated that 1960s onwards, there was a decline (although not significantly in each decade) in genetic diversity (number of alleles/locus) in postgreen revolution period. Similar may be the case with pre-green revolution cultivars, but we could not study it due to non-availability of sufficient cultivars. However, the gradual and continuous decline in diversity was not noticeable with Set-II SSRs; instead fluctuations with significant increase in diversity from (Table 3) . In contrast to the number of alleles/locus, the gene diversity (He) assessed by each of the two sets of SSRs remained unchanged in initial two decades (1960 and 1970s) , followed by a decrease up to 1990s and then by a slight increase in 2000s (in case of Set-I). In case of Set-II SSRs, fluctuations were observed after the decade of 1970s.
Using Set-I SSRs, genetic distances for each pair of decadal sub-groups were also calculated ( Table 4) . As expected, the extent of genetic distance was highest (0.2347) between the cultivars belonging to decades 1960 and 2000s and it was lowest (0.0820) between the cultivars belonging to decades 1990 and 2000s. Based on Nei's genetic distance, a dendrogram was also prepared (Fig. 3) , where pre-green revolution cultivars were grouped in sub-cluster Ia and post-green revolution cultivars were grouped into sub-cluster Ib and sub-clusters IIa and IIb. The subcluster Ib contained cultivars released during 1960s, sub-cluster IIa, contained cultivars released during the 1970 and 1980s, while cluster IIb contained cultivars released during the 1990 and 2000s.
Genetic diversity in wheat cultivars grown in six wheat growing agro-climatic zones of India In order to find out whether the gradual decline in genetic diversity revealed by Set-I SSRs, was uniform across all the six wheat growing agroclimatic zones, we studied diversity in cultivars grown in six such zones of India. For this purpose, 230 Indian bread wheat cultivars were used with both Set-I and Set-II SSRs. The data for gene diversity (He) and average number of alleles/locus for each zone is presented in Table 5 . The estimates of gene diversity did not show any large difference in diversity of cultivars grown in all the six different wheat growing agro-climatic zones of India, however, for average number of alleles/locus, cultivars belonging to different zones differed slightly. For instance, the cultivars belonging to Central Zone (CZ) and Northern Western Plain Zones (NWPZ) exhibited slightly higher average number of alleles/ locus than the corresponding values for four other agro-climatic zones. Minimum mean value for number of alleles/locus was observed in Southern Hill Zone (SHZ), possibly as a result of small sample size (only 8 cultivars).
Discussion
Significant gains in yield and other important traits have been achieved in all major groups of crops during the past 5-6 decades (Borlaug 2007) . This has been possible due to modifications of plant genomes through selective breeding or due to directional and focused selections of target genes/QTLs (Allard 1999 ). This selection is believed to increase the (Zeng and Cockerham 1990; Walsh 2005; Fu and Somers 2011) . However, the details of the effects of selective breeding on plant genome remains poorly understood and several questions remain unanswered (Fu 2006; Fu et al. 2010; Fu and Somers 2011) . For instance, we don't know, if selections for specific traits always lead to reduction in genetic diversity. The answers to such questions are important for understanding the effectiveness of plant breeding in genetic improvement of desirable traits without any loss in plant genetic diversity (Tanksley and McCouch 1997) . During recent years, we witnessed a multitude of studies examining the trends of genetic diversity in wheat cultivars developed over different periods and in different countries around the world using a variety of molecular markers (for a meta-analysis of trends in genetic diversity see van de Wouw et al. 2010 ). However, no clear general trend in the changes in genetic diversity emerged from these studies, although concern has been raised regarding reduction of genetic diversity in crops including wheat due to major breeding efforts in the twentieth century (Gepts 2006) . To address the above concern, we have undertaken the present study involving estimations of genetic diversity among Indian bread wheat cultivars developed during the last 100 years.
Polymorphism due to random and non-random SSRs
Genomic SSRs have been extensively used for the study of genetic diversity in bread wheat (for details see van de Wouw et al. 2010) . Most of these markers may reveal polymorphisms in the non-coding regions of the genome that are poorly conserved among species (Brown et al. 2001; Gupta et al. 2003) . Therefore, genetic diversity detected by these markers may not represent true genetic diversity. In contrast, SSR markers selected from the genic regions or those associated with genes/QTLs for a particular trait may detect ''true genetic diversity'' available within the genes or in the genomic regions associated with these genes (Eujayl et al. 2002; Maestri et al. 2002; Thiel et al. 2003; Gupta et al. 2003; Riar et al. 2011) . These SSRs may also reveal the effect of selection exercised during modern plant breeding practices. Keeping this in view, we used two sets of SSRs including Set-I containing random SSRs and Set-II containing SSRs associated with QTLs for grain weight (Huang et al. 2003 (Huang et al. , 2006 McCartney et al. 2005; Kumar et al. 2006; Wang et al. 2009 ). The average number of alleles/locus, their distribution on A, B, D sub-genomes, the PIC values (average PIC/locus) and correlation between PIC and allele frequency for random SSRs (Set-I SSRs) did not differ from those reported in earlier studies Röder et al. 1995; Bryan et al. 1997; Stachel et al. 2000; Prasad et al. 2000; Roussel et al. 2004; Chao et al. 2007; Hai et al. 2007; Huang et al. 2007 ) (ESM 2). Altogether, the average number of alleles and PIC/locus also indicated moderate genetic diversity in Indian bread wheat cultivars developed over the past 100 years. However, using the above parameters, the diversity detected by SSRs associated with QTL for grain weight (Set-II SSRs) was lower than the diversity detected by random SSRs (Set-I SSRs) ( Tables 1, 3 ; ESM 2, 3). These results suggested that the SSRs associated with QTL/gene for grain weight are perhaps subjected to selection pressure leading to narrowing of genetic diversity.
Genetic diversity
A possible erosion of diversity in wheat cultivars developed during the post-green revolution period could threaten future wheat improvement (Reif et al. 2005 ). The present study was aimed to address this concern for reduction of diversity. The estimates of average number of alleles/locus and gene diversity (He), suggested that the wheat breeding in post-green revolution period did not lead to any significant loss of genetic diversity in Indian bread wheat cultivars; rather there was a slight gain in diversity (Table 1) . This gain of diversity was significant (t = 1.98; P = 0.0004) in case of Set-II SSRs and could be attributed to the introduction of Mexican semi-dwarf improved germplasm into the Indian bread wheat gene pool during 1960s. The results were further confirmed by the significant (t = 1.98; P = 0.005) increase in number of alleles in cultivars from decade 1960 to 1970s revealed by Set-II SSRs. Similar results were also reported by meta-analysis of the trends of genetic diversity in several major crops including wheat (van de Wouw et al. 2010) . These findings also received support from separate clustering of cultivars belonging to 1960 and 1970s in dendrogram based on Nei's genetic distance (Fig. 3) . The clustering pattern suggested that the cultivars developed during pre-green revolution and the postgreen revolution periods differed genetically due to the introduction of 54 novel/rare alleles in post-green revolution cultivars (ESM 2). The results also got further support from largely separate clustering of pre-and post-green revolution cultivars in a separate genetic dissimilarity based dendrogram (Fig. 2) . The AMOVA analysis also revealed higher variation within the pre-and the post-green revolution cultivars than the variation between these two groups. The higher variation within the two groups (relative to variation between the groups) may be attributed to the differences in the genetic constitution of pre-and the post-green revolution cultivars. We further dissected the genetic diversity (average number of alleles/locus) among the cultivars belonging to the post-green revolution period through a study of decadal diversity i.e. the diversity among wheat cultivars developed in each of the five different decades of the post-green revolution period. Interestingly, genetic diversity among the cultivars released during the different decades showed a progressive decline (although not always significant) in most of the decades using Set-I SSRs (see Table 3 ). On the other hand, gene diversity values showed fluctuations in diversity although decline is evident from the gene diversity values in 1960s (0.64 in Set-I and 0.51 in Set-II) to 2000s (0.61 in Set-I and 0.49 in Set-II) in both sets of SSR markers (Table 3) . Such a trend was not visible while studying genetic diversity of preversus post-green revolution cultivars, suggesting the importance of the analysis of decadal diversity. The progressive decline in genetic diversity among postgreen revolution cultivars should be a matter of some concern and needs further attention/investigation involving more genotypes in the study. Further, the level of genetic diversity (number of alleles/locus) is not uniform among the wheat cultivars across the six different wheat growing agro-climatic zones in India. Relatively, the cultivars belonging to north eastern plain zone (NEPZ), northern hill zone (NHZ), peninsular zone (PN) and the southern hill zone (SHZ) showed slightly lower genetic diversity than the cultivars of the central zone (CZ) and north western plain zone (NWPZ). However, the lower genetic diversity of cultivars in SHZ may be due to only eight released cultivars in this zone. The gene diversity (He) values in all the zones (except SHZ where sample size was small) hardly showed any difference. This may indicate that there is no alarming loss of diversity in a particular wheat growing zone. The study revealed that the wheat germplasm being currently exploited in Indian wheat breeding programme possesses moderate genetic diversity (mean alleles/locus = 7.02 in Set-I and 4.59 in Set-II; maximum He 0.65 in Set-I and 0.55 in Set-II). Therefore, we believe that more diverse exotic, synthetic and winter wheat germplasm from CIMMYT, ICARDA, China, etc. may be introduced and exploited in Indian bread wheat breeding programme with a particular focus on broadening the genetic base of cultivars for north eastern plain zone (NEPZ), northern hill zone (NHZ), peninsular zone (PN) and the southern hill zone (SHZ) of India.
